A systematic procedure is presented for predicting the material behavior of different weight concretes and the time-dependent structural deformation of non-composite and composite prestressed concrete structures. Continuous time functions are provided for all needed parameters, so that the general equations for predicting loss of prestress, camber and deflection readily lend themselves to computer solution.
Results computed by the material parameter equations are compared with representative data in the literature for normal weight, sand-lightweight, and all-lightweight concrete. Computed loss of prestress and camber are compared with experimental data for a sand-lightweight, composite, prestressed concrete bridge, and with data in the literature for non-composite and composite structures constructed of different weight concretes. Both laboratory specimens and actual structural members are included in the comparisons. Ranges of variation for material behavior, loss of prestress and camber are given.
Methods are also presented for predicting the effect of non-prestressed tension steel in reducing time-dependent loss of prestress and camber, and for determining shorttime deflections of uncracked and cracked prestressed members (either with or without non-prestressed tension steel). Comparisons with experimental results are made for these partially prestressed methods.
The procedures in this paper for predicting time-dependent material and structural behavior represent a nominal approach for design purposes, and are neither definitive nor statistical. Probabilistic methods are needed for an accurate estimate of variability of behavior.
CONCRETE PROPERTIES
Strength and elastic properties. A study of concrete compressive strength vs. time for 88 specimens reported in References 1 to 6 indi-Presents general equations for predicting loss of prestress and ' camber of both composite and non-composite prestressed concrete structures. Continuous time functions of all parameters needed to solve the equations are given, and sample results included. Computed prestress loss and camber are compared with experimental data for normal weight and lightweight concrete. Methods are also presented for predicting the effect of non-prestressed tension steel in reducing time-dependent loss of prestress and camber, and for the determination of short-time deflections of uncracked and cracked prestressed members. Comparisons with experimental results are indicated for these partially prestressed methods.
cates an appropriate general equation in the form of Eq. (1) and average value Eqs. (2) to (5) for predicting strength at any time 6,7' 8 .
(f^)t = a + bt (f^ )2sd
(1)
where a and b are constants; (f ,)2sd = 28-day compressive strength; t is age of concrete in days; and . (f) refers to an ultimate (in time) value.
Steam cured concrete, Type I cement:
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Moist cured concrete, Type III cement: Eqs. (2) to (5) are compared in Fig. 1 with data from References 1 to 6, which include different weight concretes, both moist and steam curing, . and Types I and III cement.. (3) The ranges of variation in the data (within about ± 20%) and the effect of type of curing and cement type (see the relative "flatness" of the strength-time curves) can be seen in Fig. 1 . (2) to (5) with experimental data from References 1 to 6. Where three data points are shown for a given age, they refer to upper, lower and average values for a given set of data. Where only one data point is shown, the range is too small to indicate. Data for 88 specimens are included.
The basis for the equations is the 28-day strength. However, in the case of Eqs. (4) and (5), the type of steam curing may affect substantially the strength-time ratio in the early days following curing. Eqs. (2) to (5) were found to be equally applicable for normal weight, sand-lightweight, and all-lightweight aggregate concretes.
Eq. (6) is considered satisfactory in most cases for computing modulus of elasticity of different weight concretes (9, 10) Ee=33w 1.5 (6) where w is given in lb. per cu. ft. and f , and E0 in psi.
Creep and shrinkage parameters. Based largely on information from References 3 to 6 and 11 to 19, the general Eqs. (7) and (8) and the standard Eqs. (9) to (11) are recommended for predicting a creep coefficient (defined as ratio of creep strain to initial strain) and unrestrained shrinkage of concrete at any time(6'7'8>.
General equations:
_ to C` d +toC (7) (E h)t = + to ( e 81)5 (8) f where c, d, e and f are constants, and t is time in days after loading for creep and, for shrinkage, time after initial shrinkage is considered.
Standard equations: Eq. (9) to (11) can be used for predicting creep and shrinkage for "standard" conditions of slump 4 in. or less, 40 percent ambient relative humidity, minimum thickness of member 6 in. or less, loading age 7 days for moist cured, and 1 to 3 days for steam cured con-M-f-.nA C -.. crete. For other than "standard" conditions, correction factors described in the following section must be used.
The standard equation for creep is to.60
The average value suggested for C. t (E,I,), (10) The average value suggested for (e g g,), is 800 X 10 -6 in. per in., to be used when local data are not available. From Eq. (15) for H = 70%, (Esn)u = 0.70(800 X 10 -6) = 560 X 10 -6 in./in., for example.
The standard equation for shrinkage at any time after age 1 to 3 days for steam cured concrete is
The average value suggested for (Eu,,) (11) with published data. Upper, lower and average values are plotted. All data reduced to "standard" conditions using correction factors. Legend (15, 8) indicates Reference 15 and 8 data points. (11) should be used only in the absence of specific creep and shrinkage data for local aggregates and conditions. However, the "time-ratio" terms in Eqs. (9) to (11) appear to be generally applicable (see Table 1 for values). Correction factors. All correction factors ( 6,T,$ > are applied to ultimate values. However, since creep and shrinkage for any period in Eqs. (9) to (11) (14) to (16) for the creep and shrinkage correction factors (7, 16, 20) Creep (16) where H is relative humidity in percent (See Table 3 ). Other correction factors for creep and shrinkage, which are usually not excessive and tend to offset each other, are described in References 6, 7 and 8. For design purposes, in most cases, these may normally be neglected (except possibly for the effect of member size and slump as discussed above).
LOSS OF PRESTRESS, CAMBER AND DEFLECTION
Non-composite beams at any time. The loss of prestress, in percent of initial tensioning stress, is given by Eq. (17) . (1) (2) (3)
+ 100 1.5 login t_I f^00 (17) Term (1) is the prestress loss due to elastic shortening. f, =--
I e--I^ e and n is the modular ratio at the time of prestressing. Frequently F,, A,,, and I, are used as an approximation instead of F,, Ar, and It, where F. = F, (1 -np) . Only the first two terms for /, apply at the ends of simple beams. The first term alone for f may yield a satisfactory average value in some cases. Term (1) must be adjusted for post-tensioned members. For continuous members, the effect of secondary moments due to prestressing should also be considered. used in References 22 and 25 to approximate the creep effect resulting from the variable stress history. See Table 4 for approximate values of 0 F:/F., (in form of 0 F./F. and A Fv./ Fo) for this secondary effect (expression in parenthesis) at 3 weeks to 1 month, 2 to 3 months, and ultimate values.
Term (3) is the prestress loss due to shrinkage. The expression, (e,,), Es, somewhat overestimates (on safe side). The denominator represents the stiffening effect of the steel` ).
Term (4) is the prestress loss due to steel relaxation for stress-relieved wire or strand with a recommended maximum value -7.5 percent at or above 106 hr. = 11.4 yr.'",80' In this term, t is time after initial stressing in hours. This expression applies when f/ f,, is between 0.60 and 0.90, in which fy is the 0.1 percent offset yield strength. For lowrelaxation steel, use f.t X 0.60 logo t = 100 with a recommended maximum value = 3.0 percent.
The camber for non-composite beams is given by Eq. (18) . It is suggested that an average of the end and midspan loss of prestress be used for straight tendons and 1-point harping, and the midspan loss of prestress for 2-point harping (bridge girders herein) (6) •
Term (1) is the initial camber due to the initial prestress force after elastic loss, F.,. See Appendix B for common cases of prestress moment diagrams, with formulas for computing camber (i)p. Here F, = Fi (1 -n f^/fs ,), where f., is determined as in Term (1) of Eq. (17) . For continuous members, the effect of secondary moments due to prestressing, which normally results in a reduction in camber, should also be included.
Term ( Term (3) is the creep (time-dependent) camber of the beam due to the prestress force. This expression includes the effects of creep and loss of prestress, that is, the creep effect under variable stress. 0 F, refers to the total loss at any time minus the elastic loss. The term, OF,/F,, refers to the steel stress or force after elastic loss; the prestress loss in percent, PL (as used herein), refers to the initial •tensioning stress or force. The two are related as: Unshored and shored composite beams at any time. Subscripts 1 and 2 are used to refer to the slab (or effect of the slab such as slab dead load) and precast beam, respectively. The loss of prestress, in percent of initial tensioning stress for unshored and shored composite beams, is given by Eq. (19) .
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Term (1) is the prestress loss due to elastic shortening. See explanation of Term (1) of Eq. (17) for the calculation of f^.
Term (2) is the prestress loss due to concrete creep up to the time of slab casting. C,, is the creep coefficient of the precast beam concrete at the timeof slab casting.
See Term (2) of Eq. (17) for. comments concerning the reduction factor, (1 --Fo )
Term (3) is the prestress loss due to concrete creep for any period following slab casting. Cu is the creep coefficient of the precast beam concrete at any time after slab casting.
The reduction factor, (1 -F+ 2 F. Ft ) , with the incremental creep coefficient, (C,2 C 22), estimates the effect of creep under the variable prestress force that occurs after slab casting. The reduction factor term was modified from previous references. The expression, I,/I,, modifies the initial value and accounts for the effect of the composite section in restraining additional creep curvature (strain) after slab casting.
Term (4) is the prestress loss due to shrinkage. See Term (3) of Eq. (17) for comment.
Term (5) is the prestress loss due to steel relaxation for stress-relieved wire or strand. In this term t is time after initial stressing in hours. See comments for Term (4) of Eq. (17) for the maximum value and limitating conditions, and corresponding information for lowrelaxation steel.
Term (6) is the elastic prestress gain due to slab dead load, and m is the modular ratio at the time of slab casting. fps = (M,,0c)e/19. M,,D refers to slab or slab plus diaphragm dead load. e and Ig refer to the precast beam section properties for unshored construction and the composite beam section properties for shored construction.
Term (7) is the prestress gain due to creep under slab dead load. Cu is the creep coefficient for the slab loading, where the age of the precast beam concrete at the time of slab casting is considered. For shored construction, drop the term, 12/I2. Term (8) is the prestress gain due to differential shrinkage. PGns = mf 9a, where f <a = Q ye s e6 /I9, and f,, is the concrete stress at the steel c.g.s. Since this effect results in a prestress gain, not loss, and is normally small (see Table 8 ), it may usually be neglected.
The camber of unshored and shored composite beams is given by Eqs_ (20) and (21), respectively.
Unshored construction:
PCI Journal
Term (1) is the initial camber due to the initial prestress force after elastic loss, Fo. See Term (1) of Eq. (18) for additional comments.
Term (2) Term (4) is the creep camber of the composite beam, due to the prestress force, for any period following slab casting. See Term (3) of Eq. (18) and Terms (2) and (3) of Eq. (19) for additional comments.
Term (5) is the creep deflection of the precast beam up to the time of slab casting due to the precast beam dead load. C O2 is the creep coefficient of the precast beam concrete at the time of slab casting.
Term (6) Term (9) is the deflection due to differential shrinkage. For simple spans, ADS = Q y22L 2/8E,,12 , where Q = DA,E, /3. The factor 3 provides for the gradual increase in the shrinkage force from day 1, and also approximates the creep and varying stiffness effects`'". This factor 3 is also consistent with the data herein and elsewhere. In the case of continuous members, differential shrinkage produces secondary moments (similar to the effect of prestressing but normally opposite in sign) that should be considered.
Term (10) is the live load deflection of the composite beam, in which the gross-section flexural rigidity, Ed6, is normally used.
Shored construction:
At = Eq. (20) , with Terms (7) and (8) modified as follows:
Term (7) is the initial deflection of the composite beam under slab dead load. (8) is the creep deflection of the composite beam under slab dead load = C,1 (Ati)r, The composite section effect is already included in Term (7).
It is suggested that the 28-day moduli of elasticity for both slab and precast beam concretes, and the gross I (neglecting the steel), be used in computing the composite moment of inertia, I, in Eqs. (19) to (21) . Camber of non-composite beams, as per Eq. (18):
Loss of prestress for unshored and shored composite beams, as per Eq. (19): Camber of unshored composite beams, as per Eq. (20):
Camber of shored composite beams, as per Eq. (21):
A. = Eq. (25), except that the composite moment of inertia is used in Term (7) to compute (di)1, and the ratio, 12 /IC, is eliminated in Term (8) . (26) Eqs. (17) to (26) could be greatly shortened by combining terms and substituting the approximate parameters given in the next section, but are presented in the form of separate terms in order to show the separate effects or contributions to the behavior, such as effects due to prestress force, dead load, creep, shrinkage, etc., that occur both before and after slab casting.
Grossly approximate equations.
Non-composite beams
-2Fo (27) with A^, Table 4 , are suggested for most calculations. These are defined as the total loss (at slab casting and ultimate) minus the initial elastic loss divided by the prestress force after elastic loss. The .different values for the different weight concretes are due primarily to different initial strains (because of different E) for normal stress levels. Table 5 gives average modular ratios based on fi = 4000 to 4500 psi for both moist cured (M.C.) and steam cured (S.C.) concrete and Type I cement; up to 3 months f = 6360 to 7150 psi (using Eq. 2) for moist cured and f = 6050 to 6800 psi (using Eq. 4) for steam cured; and for both 250K and 270K prestressing strands. E8 =27 x 106 psi for 250K strands, E8 = 28 X 106 psi for 270K strands.
a8 and /38 given in Table 6 (12) and (13) is the creep correction factor for the precast beam concrete age when the (24) and (28) , and ultimate mid-span camber, using Eqs. (20) , (25) and (29) , are shown in Table 7 for the sand-lightweight, steam cured, composite bridge girders( 6,33> with moist cured slab shown in Fig. 5 . Both experimental parameters and general or average parameters are used. Although the agreement is good (note the camber is near zero due to the slab effect) by these methods, the approximate method may be suit- 
COMPARISON OF MEASURED AND COMPUTED LOSSES AND CAMBER
Sand-lightweight unshored composite bridge. The measured and computed mid-span camber vs. time curves for 5 bridge girders (Fig. 5) are shown in Fig. 6 . Computations were based on Eq. (20) with experimental parameters. The results are reasonably good, but not precise, and probably indicate the nature of the correlation that might be expected, at best, for this type of behavior.
The computed ultimate values of loss of prestress and camber (using general Eqs. 19 and 20 with experimental parameters) are shown term by term in Tables 8 and 9 as an illustration of the separate contributions to the total effect.
The ultimate loss of prestress for 34ҟ PCI Journal Table 7 ). It was determined that loss percentages for bridges under similar conditions using normal weight concrete will normally be of the order of 25 percent, and using all-lightweight concrete will normally be of the order of 35 percent or higher. Higher losses for the lighter concretes are due primarily to the lower modulus of elasticity (higher elastic strains for a given stress level), Tables 7, 8 
U. of Iowa ( 6 ) ±15% ±15% ±25% ±25%
The University of Illinois specimens n23e consisted of 2 pretensioned non-composite rectangular beams (4 x 6 in.) of normal weight concrete and 6-ft. spans. The beams were observed for two years under laboratory conditions. The experimental creep and shrinkage parameters were somewhat larger than the corresponding general parameters. The measured modulus of elasticity was also greater than the computed value (based on compressive strength), and this tended to compensate for the smaller general creep and shrinkage parameters when used to obtain computed results.
The Texas A & M University tests (26) involved 5 non-composite pretensioned Type B Texas Highway Department bridge girders (4 lightweight and 1 normal weight) of 38 to 45-ft. spans. The girders were observed in the field for a period of one year. The experimental creep and shrinkage parameters were slightly smaller than the general creep and shrinkage parameters.
The University of Iowa specimens(s) consisted of 15 pretensioned laboratory beams (6 x 8 in.) of 15-ft. spans. Twelve were sand-lightweight concrete and three were all-lightweight concrete. Nine of the beams were non-composite and six were 40 composite (slabs 20 x 2 in. and 20 x 3 in.). The test period was 6 months for 12 of the beams and 1 year for 3 beams. The experimental creep and shrinkage parameters were slightly smaller than the corresponding general parameters.
The steel relaxation expression in the equations was modified in the prestress loss calculations for posttensioned members. In the calculations using experimental parameters, E0 was computed using the measured f and Eq. (6), except as noted.
The comparison of experimental loss of prestress and camber observed in these four studies with values predicted by the equations of this paper is summarized in Table  10 . The two left-hand columns show the percentage by which observed values varied from those predicted using experimental parameters; columns on the right make a similar comparison with predictions based on average parameters.
It appears that the procedures presented for predicting loss of prestress and camber will normally agree with actual results within -!-15 percent when using experimentally determined material parameters. The use of the general or average material parameters gave predicted re-suits that agree with actual results in the range of ±30 percent. With some knowledge of the time-dependent behavior of concrete using local aggregates and under local conditions, it is concluded that one would normally be able to predict loss of prestress and camber within about -}20 percent. In each case, it is noted that most of the results are considerably better than these limits.
PARTIALLY PRESTRESSED MEMBERS
Effect of non-prestressed tension steel in reducing time-dependent loss of prestress and camber. Based on the following energy condition, Eqs. (30) and (31) 
Due to creep:
Due to shrinkage:
where kr is the reduction factor for the effect of non-prestressed tension steel in reducing time-dependent loss of prestress and camber. When e' = e and E:4 = E 3 (an approximate design condition in most cases), both Eqs. (30a) and (30b) reduce to Eq. (31). The experimental value of k r is simply the ratio of the time-dependent camber for two beams. In each series, the beam with the greatest time-dependent camber (smallest amount of non-prestressed tension steel, for example) was the reference beam.
The theoretical values of k,, were determined using Eq. (30a) for the Series III beams in which A'/A,= 0 for the reference beam; a more general equation from Reference 34 was used for the beams of Series I, II and IV, which contained varying amounts of non-prestressed tension steel including the reference beams in each series. in all terms, including those due to composite slab effects ( 28 ) . k,. can also be applied as a single reduction factor for time-dependent loss of prestress and camber in approximate calculations (see Table 11 ).
Experimental camber for the 12 beams of Reference 34 (6 x 8 in., span = 15 ft.) are shown in Fig. 9 and experimental vs. computed reduction factors are shown in Table  11 .
Deflection of uncracked and cracked prestressed concrete members (either with or without non-prestressed tension steel). The method for computing deflections of reinforced beams ( 8,L8,35,36 ) Eqs. (34), (35) or (36) for (ML) ,, in Eq. (32) .
For non-composite prestressed beams: (34) For unshored composite prestressed beams:
(Mz)^r -F e^ ( yt)2 (19) c + F (I,,) , 
